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Thirty crop species supply over 90% of the world's food needs and this narrow diversity reduces 1 0 0 chimeric contigs corresponding to joined telomeres were identified and split based on Hi-C 1 0 1 interactions. As described in the accompanying manuscript (see Wang et al. 2019) , this genome 1 0 2 assembly was compared to a detailed genetic map of teff to revise and confirm chromosome- scale assemblies for all 20 teff chromosomes, thus providing the opportunity to discover the A 1 0 4 and B genomes from the diploid progenitors of this allotetraploid (see below). The teff genome was annotated using the MAKER pipeline. Transcript support from a 1 0 6 large-scale expression atlas and protein homology to Arabidopsis and other grass genomes were 1 0 7 used as evidence for ab initio gene prediction. After filtering transposon-derived sequences, ab 1 0 8 initio gene prediction identified 68,255 gene models. We assessed the annotation quality using The teff cultivar 'Tsedey' (DZ-Cr-37) was previously sequenced using an Illumina based 1 1 3 approach, yielding a highly fragmented draft genome with 14,057 scaffolds and 50,006 gene 1 1 4 models 7 . The fragmented nature of this assembly and incomplete annotation hinders 1 1 5 downstream functional genomics, genetics, and marker-assisted breeding of teff. We compared 1 1 6 the 'Tsedey' assembly with our 'Dabbi' reference to identify cultivar-specific genes and 1 1 7 differences in assembly quality. Only 30,424 (60.8%) of the 'Tsedey' gene models had 1 1 8 homology (>95% sequence identity) to gene models in our 'Dabbi' reference, including 9,866 1 1 9 homoeologous gene pairs. Only 20,208 (29.6%) of our 'Dabbi' gene models had homology to 1 2 0 'Tsedey' gene models. The remaining gene models were unannotated or unassembled in the 1 2 1 'Tsedey' assembly. Only one-third of the 'Tsedey' genome is assembled into scaffolds large 1 2 2 enough to be classified as syntenic blocks to 'Dabbi', which is an unavoidable artifact of the poor assembly, we were unable to identify lineage-specific genes. Hence, the genomic resources 1 2 5 presented here represent a significant advance over previous efforts. Teff is an allotetraploid with unknown diploid progenitors, but the polyploidy event is 1 2 9 likely shared with other closely related Eragrostis species 9 . Because the diploid progenitors are 1 3 0 unknown and possibly extinct, we utilized the centromeric array sequences to distinguish the 1 3 1 homoeologous chromosomes from the A and B subgenomes of teff. Centromeric (CenT) repeat 1 3 2 arrays in teff range from 3.7 kb to 326 kb in size for each chromosome and individual arrays 1 3 3 contain 22 to 824 copies (Supplemental Table 2 ). We identified two distinct CenT arrays in teff 1 3 4 (hereon referend to as CenTA and CenTB). CenTA and CenTB are the same length (159 bp) but CenT arrays identified several distinguishing polymorphisms and a maximum likelihood The Teff subgenomes have 93.9% sequence homology in the coding regions, suggesting 1 4 3 that either the polyploidy event was relatively ancient or that the progenitor diploid species were 1 4 4 highly divergent 23 . To estimate the divergence time of the A and B subgenomes, we calculated corresponding to a divergence time of ~5 million years based on a widely used mutation rate for 1 4 8 grasses 24 . The ten pairs of homoeologous chromosomes are highly syntenic with no large-scale 1 4 9 sequencing. A modified nuclei preparation 50 was used to extract HMW gDNA and residual 3 4 0 contaminants were removed using phenol chloroform purification. PacBio libraries were 3 4 1 constructed using the manufacturer's protocol and were size selected for 30 kb fragments on the 3 4 2
BluePippen system (Sage Science) followed by subsequent purification using AMPure XP beads 3 4 3 (Beckman Coulter). The PacBio libraries were sequenced on a PacBio RSII system with P6C4 3 4 4 chemistry. In total, 5.5 million filtered PacBio reads were generated, collectively spanning 52.9 3 4 5 Gb or ~85x genome coverage (assuming a genome size of 622 Mb). The same batch of HMW were modified as follows: --flank 7, --K 49, and --mindepth 15. Pilon was run recursively three 3 7 6 times using the modified corrected assembly after each round. Ten full-length fosmids 3 7 7 (collectively spanning 351kb) were aligned to the final PacBio assembly to assess the quality. The fosmids exhibited an average identity of 99.9% to the PacBio assembly, with individual 3 7 9 fosmids ranging from 99.3 to 100% nucleotide identity. The PacBio based teff contigs were anchored into a chromosome-scale assembly using a Hi-C 3 8 3 proximity-based assembly approach as previously described 19 . A Hi-C library was constructed 3 8 4 using 0.2 g of leaf tissue collected from newly emerged teff seedlings with the Proximo™ Hi-C 3 8 5
Plant kit (Phase Genomics) following the manufacturer's protocol. After verifying quality, the 3 8 6
Hi-C library was size-selected for 300-600 bp fragments and sequenced on the Illumina HiSeq highly similar homoeologous regions. In total, 226 million read pairs were used as input for the 3 8 9
Juicer and 3d-DNA Hi-C analysis and scaffolding pipelines 21, 56 . Illumina reads were quality-3 9 0 trimmed using Trimmomatic 54 and aligned to the contigs using BWA (V0.7.16) 20 with strict 3 9 1 parameters (-n 0) to prevent mismatches and non-specific alignments in repetitive and 3 9 2 homoeologous regions. Contigs were ordered and oriented and assembly errors were identified 3 9 3 using the 3d-DNA pipeline with default parameters 56 . The resulting hic contact matrix was 3 9 4 visualized using Juicebox, and misassemblies and misjoins were manually corrected based on 3 9 5 neighboring interactions. This approach identified 20 high-confidence clusters representing the 3 9 6 haploid chromosome number in Teff. The manually validated assembly was used to build 3 9 7 pseudomolecules using the finalize-output.sh script from 3d-DNA and chromosomes were 3 9 8 1 renamed and ordered by size and binned to the A and B subgenomes based on centromeric array 3 9 9 analysis (described in detail below). We first identified and masked the simple sequence repeats in the teff genome with GMATA 57 , 4 0 3 and then conducted structure-based full-length transposable element (TE) identification using the Tracker 64 to identify TIRs, and HelitronScanner 65 to identify Helitrons. All TEs were classified 4 0 8 and manually checked according to the nomenclature system of transposons as described 4 0 9 previously 66 and against Repbase to validate their annotation 67 . We used the newly identified
TEs as a custom library to identify full length and truncated TE elements through a homology- Only LTR-RT families with at least 5 intact copies were used for analysis of subgenome were calculated using the evolutionary distance between two LTR-RTs 70,71 with the formula of Centromeric repeat arrays were identified with the approach outlined in 72 using Tandem 4 2 4 repeat finder (Version 4.07) 73 . Parameters were modified as follows for Tandem repeat finder: repeats in the genome, and they were identified in teff by the following criteria: (1) copy number, 4 2 7
(2) sequence level conservation between chromosomes, (3) similarity to other grass repeats, and 4 2 8 (4) proximity to centromere-specific gypsy LTR-RTs. This approach identified two distinct Genes in the teff genome were annotated using the MAKER-P pipeline 75 . The LTR-RT repeat 4 3 7 library from LTR retriever was used for repeat masking. Transcript-based evidence was 4 3 8 generated using RNAseq data from the ten tissues of the teff expression atlas. Quality trimmed 4 3 9
RNAseq reads were aligned to the unmasked teff genome using the splice aware alignment Transcripts Per Million (TPM) and the three biological replicates were averaged for direct 4 5 8 homoeolog comparisons. identified by all vs. all alignment using LAST, and hits were filtered using default parameters in with translocations were not identified using this syntenic approach and were thus excluded from 4 6 8 analysis. Tandem gene duplicates in teff were identified from the all vs. all LAST output with a 4 6 9 maximum gene distance of 10. Gene models from teff were aligned to the Oropetium thomaeum 4 7 0 19,25 and Sorghum bicolor 80 genes as outlined above for comparative genomics analyses across 4 7 1 grasses. Macro and microsyntenic dot plots, block depths, and karyotype comparisons were 4 7 2 generated in python using scripts from MSCAN. subgenomes and syntenic orthologs between teff and Oropetium were used as input and the 4 7 6 protein sequences from each gene pair were aligned using MUSCLE v3.8.31 86 . PAL2NAL 4 7 7 (v14) 87 was used to convert the peptide alignment to a nucleotide alignment and Ks values were 4 7 8 computed between gene pairs using codeml from PAML (V4.9h) 88 with parameters specified in 4 7 9 the control file found in the GitHub repository listed above. We are indebted to Tsegaye Dabi at the Salk Institute for Biological Studies for introducing us to 4 9 0 this amazing plant, and for inspiring generations of plant biologists. We thank Elliott Meer for Sudkamp, Phil Latreille, Zijin Du and Joe Zhou) for full length sequenced fosmids. We thank 4 9 3 James Schnable for his helpful comments and suggestions on the manuscript. This work is shown. Genes are shown in red and blue (for forward and reverse orientation respectively) and The ten chromosomes belonging to the teff A and B subgenomes are shown in yellow and purple respectively. Syntenic blocks between homoeologous regions are shown in grey. toward the A (blue) or B (red) subgenomes or balanced with no statistically significant 5 3 0 differential expression (grey). (c) HEB in each of the ten pairs of chromosomes across all ten 5 3 1 tissue types. , T  e  f  e  r  a  ,  H  .  ,  A  y  e  l  e  ,  M  .  &  N  g  u  y  e  n  ,  H  .  A  g  e  n  e  t  i  c  l  i  n  k  a  g  e  m  a  p  o  f  t  e  f  [  E  r  a  g  r  o  s  t  i  s  t  e  f  (  Z  u  c  c  .  )  6  3  0  T  r  o  t  t  e  r  ]  b  a  s  e  d  o  n  a  m  p  l  i  f  i  e  d  f  r  a  g  m  e  n  t  l  e  n  g  t  h  p  o  l  y  m  o  r  p  h  i  s  m  .   T  h  e  o  r  e  t  i  c  a  l  a  n  d  A  p  p  l  i  e  d  G  e  n  e  t  i  c  s   6  3  1  9  9  ,  5  9  9  -6  0  4  (  1  9  9  9  )  .  6  3  2  4  3  .  Y  u  ,  J  .  -K  .  ,  G  r  a  z  n  a  k  ,  E  .  ,  B  r  e  s  e  g  h  e  l  l  o  ,  F  .  ,  T  e  f  e  r  a  ,  H  .  &  S  o  r  r  e  l  l  s  ,  M  .  E  .  Q  T  L  m  a  p  p  i  n  g  o  f  a  g  r  o  n  o  m  i  c  t  r  a  i  t  s  6  3  3 i 
